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FIGURE CAPTIONS

Summary of Mechanical Properties of Alloy Steel and the 1970
Technological Limit, After Lange (1971). The target strength of
400 Ksi (2.8 GN/m2) and toughness of 150 Ksivin. (165 MN/mévm) are
well above this limit.

Tensile Bpesiien Speeifieation. The worlunl thickness of° wpecinen

is .080" (2.0 mm).

Specimen for Interfacial Bonding Energy Measurement.
Pin-~Loaded Grip for Tensile Test.

Plot of Interfac.al Bonding Energy (Y) versus Oxidation Time.

The Stress-Strain Curves for Solid Ol Steel and Solid Purdue Soft
Alloy S2.

The Stress~Strain Curves for Specimens with No Oxidation Treatment
Prior to Hot-Roll Welding.

The Stress-Strain Curves for Specimens with 1 hr. Oxidation at 600°C.
The Stress-Strain Curves for Specimens with 2 hrs. Oxidation at 600°C.
The Stress-Strain Curves for Specimens with 3 hrs. Oxidation at 600°C.

The Tensile Stress,.l% Yield Stress and Plastic Strain As a Function
of Oxidation Time for Specimens with fs = .50.

The Percent Reduction in Area As a Function of Oxidation Time for
Specimens with fs = .50.

The Stress-Strain Curves for Specimens with fs =0, .25, .50, .75,
and 1.00. All specimens were oxidized at 600°C for 2 hrs. prior to
hot-roll welding.

The Tensile Stress and .1% Yield Stress As a Function of Fraction of
Soft Layer for the Same Specimens as in Figure 13. Arrows at the
upper left cornmer of the figure represent the upper and lower bounds
of Ol steel strength converted from microhardness data.

The Plastic Strain As a Function of Fraction of Soft layer for the
Same Specimens as in Figure 13.

The Percent Reduction in Area As a Function of Fraction of Soft Layer
for the same Specimens as in Figure 13.

The Microstructure of a Specimen Oxidized at 600°C for 1/2 hr. Prior
to Hot-Roll Welding. The dark particles in the central portion of
the micrograph are oxide particles. Magnification 3000x.
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The Microstructure of Spccimen D 121, The dark areas represent the
hard layer (01 Steel) consisting of [ine martensite with a small
amount of retained austenite. The light areas are the soft layer
(Purdue S2 alloy) in which the martensite appears t> have larger
plate size. Magnification 80x.

The Microhardness As a Function of Distance in Modulation Direction
for Specimen D 121.

The Microbardness of the Centval Hard Layer As a Function of Distance
Along the Tensile Axis for Specimen D 121,

& Schematic Fractograph for Speciwen D 112, The erack originated
from H2, S3, and H, area, The shear fracture modes dominated except
in H_ ,"H,, and H, ¥here brittle fracture occurred. No debonding or
necking was observed,

2 = _— | ! . [} - ™ '
A tll»fuﬁl_{:}‘n buuw;ub‘ thic Fracture Surface of Sla&:\_ihlcll D112,

Magnification 100x.

A Schematic Fractograph for Specimen D 221. Again shear fracture
modes dominated except in HB and H4 some small amount of debonding
was observed.

A Schematic Fractograph for Specimen D 312, Except tlat brittle
fracture in H, and H,, the shear fracture modes were observed. Some
neckings at eage and “more partial debonding were observed. Crack
originated from either H1 or Hz.
A Schematic Fractograph for Specimen D 411. There are more typical
cone and cup tensile fracture characteristics at edges, more debond-
ing. Shear fracture modes were observed except H, and H,. The crack
6 : 3 4
originated from the central portion of HB'

A Micrograph Showing thc Fracture Surface of Specimen D 411.
Magnification 100x.

A Schematic Fractograph for Specimen D 304 (fs = 0). Crack originated
from the interface between H. and H,. Brittle fracture occured in the
upper hzlf of the specimen and shear dimple type in the lower half.
The interfaces were indistinguishable.

A Micrograph Showing the Fracture Surface of Specimen D 304,
Magnification 100x.

A Schematic Fractograph for Specimen D 332 (fs = .25). Brittle
fracture occured in hard layers and shear fracture occured in soft
layers. Crack originated from H. propagating to the left of the
specimen. Multiple crack nucleation sites were observed in hard
layers.

A Micrograph Showing the Fracture Surface of Specimen D 332,
Magnificaticn 100x. .
o ‘/’,




27. A Schematic Fractograph for Specimen D 312 (fs = .50). Repeated
from Figure 23.

A Micrograph Showing the Fracture Surface of Specimen D 312.
Magnification 100x.

A Schematic Fractograph for Specimen D 353 (fs = .75). Except HS’
mostly shear fracture modes were observed. Crack originated
from the upper portion of the specimen, most likely HA’

A Micrograph Showing the Fracture Surface of Specimen D 353.
Magnification 100x.

A Schematic Fractograph for Specimen D3P4 (fs = 1.00). Exclusively
ductile shear fracture octurrxed in tbis specimen. There was about
95% debonding and large amount of necking observed.

Figure A Micrograph Showing the Fracture Surface of Specimen D3P4,
Magnification 100x.

Figure A Micrograph Showing the Origin of a Crack in a Solid 01 Specimen.
Magnification 100x.

Figure A Micrograph Showing tle Origin of a Crack in a Solid Purdue S2
Specimen, Magnification 100x.
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Introduction.

The objective of the work is to develop an alloy complex of modulat-
ed-microstructure steel (MMS) which combines high strength and significant
fracture toughness. The basic concept is to alternate layers of high-
strength martensite with tough and softer austenite in a complex which
can be hardened to strength of 400 ksi (2.8 GN/mz) and softened for fabri-
cation by conventional heat treatment.

This development can best be viewed against the presently available
mechanical properties of alloy steels. These properties are summarized

1)

by Lange as presented in Figure 1. His estimate of the high

strength technological limit of fracture toughnecss is substantially less

than 100 ksivin. (.11 GN/m2 J/m) at stress levels in excess of 300 ksi

(2.1 GN/m?). The proposed alloy should obtain strength of 400 ksi

(2.8 GN/mz) and has a target fracture toughness of 150 ksivin. (.16 GN/mz/E).
This represents a technologically attractive design objective and work is
proceeding toward it.

‘In the first half of the year (Phase I), an alloy complex was developed
and complexes comprised of a trial pair of alloy layers were produced,
tested, and evaluated under Phase I of the project. On the basis of the
resulting mechanical properties and the observed fracture path, a tentative
rational method of optimizing the properties of the alloy complex has been
formulated.

In the second half of the year, the rational method was applied to a
new alloy complex as Phase II of the project. The new alloy complex contains
partially debonded layers so that deformation of neighboring layers is

partially decoupled. Efforts were focused on the effect of retained oxides

ip interfaces and the effect of the soft layer fraction (fs) on the tensile

properties of the alloy complex.
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Figure 1. Summary of Mechanical Properties of Alloy Steel and the 1970
Technological Limit, After Lange (1971). The target strength of
400 Ksi (2.8 GN/m2) and toughness of 150 Ksivin. (165 MN/mvm) are
well above this limit. '
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Experiments.

2.1. Sclection of Alloy System.

The hard layer for Phase II system was again AISI type Ol tool

s Bt A ol oo Pl B

steel because of its low cost and commercial availability. To match 01
steel, a Purdue soft layer ailoy (S2) was designed based on the following
criteria: (a) reasonably high ductility, (b) strength of about 150 ksi

b 04 .
(1.0 GN/m”), (c) carbon potential equal to that of the hard layer, (d)
heat treatment compatible with that of the hard layer. In order to meet
these criteria an iron-nickel-cobalt-carbon alloy was selected with Ms=0°C
and cobalt level sufficiently high to suppress deformation twinning in
the martensite. The composition shown for S2 in Table I meets these
requirements. It 1Is compatible in carbon potential and heat treatment
with 01 steel and it may be subzero quenched to produce martensite at any
stage in the treatment., Such subzero quenching has little effect on the
01 steel. The retained austenite can transform during deformation and

(2,3) 4

fracture to increase fracture toughness.

The compositions for both hard and soft alloy steels are shown in

Table I. iV
4

TABLE I 4

ke

Composition of Trial System. ‘%

(wt . %)

Elements ;

Material C Mo cr W V. Ni Co = Fe
AISI type 01% .90% 1.20% .50% .50% .20% O 0 Balance 7
S2%% .38% 25.2%Z 6% Balance %

g

* Compositions are nominal.

i o

** Compositions are as~charged values. Actual carbon content may be .02%

lower. A

baso [
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Experimental Program.

2.2.1 Preliminary FExperiments.

As stated in the previous renewal proposal(4), the bonding
between the hard and soft layers appears to be of great importance.

A significant result of the Phase I experimental work is that defor-
mation of the soft layer is prevented by fully bonded adjacent hard
layers. In Phase II, the efforts were focused on the development
and evalvation of partially debonded interfaces on the tensile prop-
erties of the Phase II alloy complex.

Two techniques of partial debonding were studied, oxidation of
one of the interfacing surfaces and sprinkling aluminum oxide particies
on the interfacing surfaces prior to hot-roll welding. These pre-
treatments result in small oxide particles being retained in the in-
terface. Microscopic examination of the interfaces for products of
both techniques showed that the resulting interface by sprinkling of
A1203 particles on the interfacing surfaces were inferior to that
of oxidation method. If the A1203 particles were large, they tended
to penetrate the layers and disturb layer morphology. If the A1203

particles were small, they were difficult to distribute uni-

formly in the interfaces. Another disadvantage of using A1203 is
that some of the particles tended to break up during rolling, and
the resultant oxides in interfaces were not uniform in size. These
problems did not exist for oxidation method. Moreover, tearing

apart of layers at interfaces produced with the oxidation method

seemed to give more uniform separation than was the case for inter-

faces produced with A1203 addition. The oxidation method was

therefore chosen for further study.

irniagy L S
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The extent of oxidation obtained at certain tcmperature
and time was investigated. Several trial sets of samples were
oxidized at diffcrent temperatures for diffcrent times. The
samples were weighcd and the amount of oxide calculated. The
desirable oxidation temperature for 0l steel was chosen to be 600°C.

In addition to the unoxidized case, the range of oxidation times was
then selected from 5 minutes to 3 hours aud the resulting interfaces
varied from well bonded to poorly bonded.

The interfacial bonding is to be characterized by measurement
of energy required to propagate ; crack in the interface(s) and will be
discussed in detail in a later section.

2.2.2 01-Purdue S2 Tests.

After the preliminary experiments, a systematic program was im-
plemented to investigate the effect of interfacial bonding on the
tensile properties of the alloy complex. Oxidation treatment of layers
at 600°C for 0 hour, 1 hour, 2 hours, and 3 hours were selected. For
each treatment four samples were produced at the 0.5 fraction soft
layer (fs = .5). Another series of samples received the 2 hours oxida-
tion treatment while fraction of soft layer varied from 0 to 1.0.

For mechanical testing a standard sample was required. Each
sample contained eleven layers in total, five hard layers and six soft
layers. The outer layers were soft ones which might reduce the
possibility of specimen cracking originating at exterior surface flaws.
For convenience in mechanical testing as well as to keep materials
costs low, the specimen thickness was kept around .080'(2mm),i.e., a wave-
length of about .015"(.4 mm). All the specimen were to be heat treated
and tested at the same condition which will be described in a latter

section. Table II gives a summary of all specimens, their oxidation

B b P =, o B Ay
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treatment prior to hot-roll welding, and the volumetric fraction of
soft layer for this study.

Manufacturing Techniques,
2.3.1 Soft Layer Alloy Fabrication.

The Purdue soft layer alloy S2 was manufactured at the
crystal growing facility at Purduc University(é) . The metallic
elemental charge of the right composition for S$2 alloy was placed
in a 99.8% alumina crucible and induction heated in vacuum. After
the charge was melted down, a partial pressure of CO was admitted
to the system and the carbon was added into the melt. The intro-
duction of CO gas was to prevent loss of carbon in reacting with
the crucible. When the temperature of the melt was stablized. The
casting fcllowed. The RF power was turned off, The system was pump-
ed out and the fused silica draw tube was lowered into the melt. The
system was pressurized with Ar gas while the draw tube was being
pumped on to remove any gas that might be generated by the hot metal,
The melt was sucked up in the draw tube until it contacted a chill,
made of plain carbon steel. Solidification of the alloy was complete
in a very short time after the draw; thus, segregation and inhomo-
geneous microstructure were avoided.

The solid rod product was then cut into pieces of proper
sizes and enclosed in preoxidized, sealed stainless steel tubes for
hot rolling to the desired thickness.

2.3.2 Manufacturing of Alloy Complexes.
The techniques of manufacturing the alloy complex had becen

developed in Phase I. The procedures were described in the previous

),

report. (For detail, see §2.3.1 in the First Semiannual Report
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Briefly, sheets of 0L steel and $§2 alloy were cut to the proper

ot o -

dimension and cleaned in an ultrasonic cleaner. The stack of alter-

e

S

nating layers of 01 steel and S2 alloy was enclosed in a stainless

steel container which prevented oxidation of the sample during hot-

SRl BANE TS

dan s

rolling process. Preoxidation of the stainless steel container at

950°C for 15 minutes was nccessary in order to avoid sticking of the
stainless steel to the sample after hot-rolling.

The whole container was heated to 1150°C prior to rolling.
Typical heating time was about 10 minutes prior to rolling and typical
reduction per pass was 0.1". After rolled to the desired thickness,
the stainless stecl container was removed by sawing off the edges and
forcing a chisel between the sample and the stainless steel. Every
as-rolled sample was anncaled at 675°C for 1 hour and then cut to
pieces 4" Jong and 1" wide for machining to tensile specimen specifi-
cation (Figure 2).

2.4, Heat Treatment.
Every tensile specimen received identical heat treatments as follows:
(a) enclosed in a container, heated at 700°C for 20 minutes in a lead
(b) gsggched in oil, then in liquid nitrogen for 30 minutes.

(c) clamped flat with stainless steel plates, enclosed in a container,
heated to 830°C for 1 hour.

(d) quenched in o0il, then in liquid nitrogen for 30 minutes.
(e) tempered at 200°C for 1 hour.

The reason for the first thermal cycle ((a) & (b)) used in the above

(8)

procedure was to refine the martensite plate size in the soft layer.
2.5. Interfacial Bonding Measurement.
There are several methods to characterize interfacial bonding. The

method chosen here was similar to the one Gilman(s) used to measure the

surface encrgy of various single crystals. In this method a partially split
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specinen, (Figure 3),is loaded as a double cantilever beam and the force
required to propagate the crack recordetl. lnowing the original crack

length and the width of the sample. the interfacial bonding energy density,

Y, can be calculated according to (b):
2
6F" L
il oy=pe: &
Ew ¢

where t 1is the half thickness, F 1is the force, I the crack length,
w the width, and E is Young's modulus. Tor the case where the split is
not centered, <Y can be written as

2
BERLE e ]
Y= . ‘72 Lj i L3 ] (2>
" 2 l 2

where tl and t2 are thickness of the upper and the lower halves,

For the present tests, speclal four layer sheets comprised of alter-
nating hard and soft layers of equal thickness were produced by the standard
techniques. A four-layer sheet was prepared using each of the following
oxidation treatments: no oxidation, 1/2 hr., 1 hr., 1 1/2 hrs., 2 hrs.,

2 1/2 hrs., 3 hrs. at 600°C. Five specimens 1" x 13/16" x .031" were
prepared from each sheet. The specimens were heat treated as prescribed
in Section 2.4. A hole was cut by electro discharge machining (EDM) as
indicated in Figure 3. By means of a sharp wedge forced against the
specimen end, a crack was introduced In the center interface. The crack
was propogated until it extended to about half the specimen length.
Specimens with irregular cracks were rejected .

The specimens were then tested in an Instron machine by clamping the
wires (Figure 3) in standard friction-type grips. When the crack began
to increase in length, the applied force decreased suddenly because of

the increased deflection of ends of rhe specimen. The force at which this

happened was recorded as critical force for crack propagation. The crack
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lengths were measured microscopicully., The interfacial bonding encrgy
was calculated by means of Equation 2. -

2.6, Tensile Test.

The preliminary design of tensile specimen in Phase I was found not
suitable for high strength material testing. The present design (see Figure 2)
utilize pin-loaded concept which eliminates the griping problem exhibited in
Fhase T experiments. To hold the tensile specimens, a pair of pin-loaded
grips were designed and machined (Figure 4). The performance of these
grips and the tensile specimen during testing was satisfactory.

All the tensile specimens were tasted at room temperature (Vv22°C)
with an Instron Floor Type machine with maximum capacity of 10,000 1bs.

A strain gauge extensometer (model G-51-16) was used to record strain. The
cross head speed was maintained at .02"/min. at all times so that the strain
rate was identical for all specimens. The force and strain were recorded
during the test.

2.7. Microstructure.

Sections of tensile test specimens were mounted and polished. The
microstructures were studied with a Leitz optical microscope or a scanning
electron microscope if high magnification was needed for fine details.

2.8, Microhardness Test.

The microhardness as a function of distance in modulation direction
and along the tensile axis was measured with a Knoop indentor and a 400
grams load. This measurement was used as a test of proper quenching of the
tensile specimen and to obtain information on the hard and soft layer
strength levels in the complex as compared to each single component.

III. Experimental Results and Discussion.

3.1. Interfacial Bonding Energy Measurement (Preliminary).

The interfacial bonding energies obtained for various oxidation
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treatments by means of the techniques described in Section 2.5. are shown
in Figure 5. These results are regarded as tentative because the specimeas
have so few iayers and because the measurement technique was under develop-
ment during their measurement. Further tests on underformed portions of
tensile specimens are now underway. UEven so, the preliminary data do show
a reduction in bonding with increasing oxidation time. The interfacial
bonding energy decreascs as oxidation time incrcases as expected, since in-
creasing of oxidation results in poorer bonding, therefore, requires less
energy to propagate cracks,
3.2. Tensile Test Results.

The tensile test data will be divided into three subsections: (a)
the stress-strain (0-g) curves for solid 01 steel and solid Purdue soft
alloy 82; (b) the effect of oxidation time of each individual laycrs prior
to hot-roll welding on the tensile properties of alloy complex at the fifty
percent of soft layers (i.e. f£s = .50); and (c) the effect of soft layer
fraction on the temnsile properties of alloy complex at a constant oxidation
time of 2 hrs. at 600°C. The data for specimens which failed outside the
reduced section were not included except for cases where ductility was very
low, i.e., fs = 0 and fs = .25.
3.2.1 0-€ Curves for Solid Single Components.

Figure 6 shows the 0-&£ characteristics for solid 0l steel and
solid Purdue soft alloy S2. The 0l steel after hardening and light temper-
ing is expected to be of high strength (v 340 Ksi or 2.3 GN/mz) and to be
brittle and Purdue soft alloy S2 is expected to be ductile and of lower
strength. The measured strength for 0l was around 300 Ksi (2.1 GN/mz),
not far from the expected value, and no plastic strain was observed. The

tensile strength for S2 was around 180 Ksi (1.2 GN/m2) and the total strain was
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about 5%. The last figure is lower than one desires to have but ir
is large cnough to have meaningful tests on the alloy complex. Note
the stress-strain curves presented here arc engiveering stress—stroin
curves. The heavier symbol at the end of ecach o-g curve represents
the fracture point.

.

3.2.2 'The Lffecct of Oxidation Time (Partial Debonding) on Tensile

Properties at Constant Fraction Soft Layer.

The fraction of solt layer was chosen to be .30, i.e., cqual
amounts of hard layer and soft layer, as suggested by the rational
method of optimizing the properties of the alloy complex (for detail,
sce the renewal proposal, Nov., 1973)., At this tonstant soft layer
fraction, four sets of specimens were prepaved: no oxidation of layers
prior to hot-roll welding, 1 hr., 2 hrs., and 3 hrs. oxidation at
600°c,

The o0-e curves for these four sets of specimens are shown din
Figures 7, 8, 9, and 10. The tensile stress (OT), 0.1% yield stress
(OY),and the plastic strain (SP) of these specimens as a function of
oxidation time are plotted in Figure 11. The UT and OY decrease
slowly while the plastic strain increases significantly as oxidation
increases. The percent reduction in area also increases with increas-
ing oxidation (Figure 12). These are cxpected because as the oxidation
increases the interface bonding becomes less perfect. The unbonded
areas where retained oxide particles reside may serve as a blunt to the
approaching crack and may also allow the interface to separate and let
the soft layer to deform independently. As a result, the plastic strain

and percent reduction in area are .ncreased as oxidations increases.

This is also in agreement with the interfacial bonding energy measure-

ment. The small decrease in the strengths, less than a 10% drop as
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specimens oxidized for 3 hrs., may be due to the slight decrease in ]

effective hard layer volume by decarburization accompanying oxidation, §
The plastic strain is almost doubled arv oxidation time is increased ¥
to 3 hrs. The plastic strain increases more rapidly initially and

levels off after about 2 hrs. oxidation.

3.2.3 Effect of Soft Layer Fraction on Tensile Propertiecs at Fixed

Oxidation Time (Partial Dehonding).

Two hours oxidation at 600°C appears to be an optimum treatment

for the alloy complex with fe = 0.50 in terms of tensile properties.

(Refer to TFigures 11 and 12). In order to sec the effect of soft %
; layer fraction at this optimum treatment, four additional scts of 4
% |
z specimens: fs = 0 (L.e., laminated Ol stecl), fs = .25, fs = ,75, and
i fs = 1,0 (1.e., laminated Purdue soft alloy §2), werc prepared for %
; i

comparison with the fs = ,50 set of specimens alrveady tested.
The ©-£ curves for these five sets of specimens are pre- ¥

sented in Figure 13. All the fs = 0, and fs = ,25 sets of specimens

@
% failed outside the reduced section and are included to show their é
i brittle nature and the crack jumping phenomena which had been pre- l;
% dicted theoretically (renewal proposal(4>). The slope of the elastic EV
j portion of 0-& curves decreases as fs increases. The tensile stress i :
? and 0.1% yield stress drop sharply as s increases (Figure 14). The i; ;

plastic strain and percent reduction in area increase slowly with in-

creasing fs and rapidly beyond fs = .75 (Figures 15 and 16). The

; amount of plastic strain as a function of soft layer fraction seems a

E to deviate from the law of mixtures while the strengths of the alloy J'%
3 complex agree well with the law of mixtures.

2 3.3. Microstructure. Y
§ ,

i3
An example of oxide particles retained in the interfacial area is 2
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shown in ¥ieure 7. The neavly civeular shape davk particles across the
middle of the micrograph are oxide pavticles. ‘This STM micrograph with a
3000 magnification was takew on a coction of a specimen in which layers
were oxidized at 600°C for 30 minutes prior to rolling.

The optical wmicraestructure of the complex has been presented previous -
ly(7) but for completencss a low magnification photomicrograph of a compl ex
typical of the present series, i.e., fs = .50 and oxidation treatment 2 hrs.
at 600°C, is shown in Figure 18.

3.4, Microhardness.

Tensile specimen D121 was sectioned into five pieces. The outar two
parts including pin nole and the central reduced section were mounted and
polished for microhardness measurement. Figure 19 ghows the Knoop hardness
aumber versus distance modulation direction (i..e., perpendicular to inter-
faces). The hardness numbers in hard or soft layers alonc arc quite con-
sistent except two outer soft layers.

The hardness numbers in the hard layers arc around 800 while those in
the soft layers arc about 410. The constant hardness of the soft and hard
layers and proper hardness achieved in both prove that the heat treatment
was properly performed. The decreasc in hardness at the exterior surface

of the outer soft layers might be due to the draining of carbon from these

layers into the stainless steel container during the hot-roll welding proccss.

Another hardness measurement sequence Was performed on the central
hard layer from one cund of the tensile specimen D 121 to the other. The
results are presented in Figure 20. 'The Knoop hardness numbers vary from
750 to 800 within each section. This implies that quenching was essentially
uniform along length of specimen and again the proper heat treatment was

obtained.
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The Microstructure of a Specimen Oxidized at 600°C for 1/2 hr.
Prior to Hot-Roll Welding. The dark particles in the central

portion of the micrograph are oxide particles.
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The Microstructure of Specimen D 121. The dark areas represent
sting of fine martensite with a

the hard layer (01 Steel) consie
The light areas are the

small amount of retainaed austenite.
soft layer (Purdue S2 alloy) in which the martensite appears to

have larger plate size. Magnification 80,

Figure 18.
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3.5. VTYracture Path.

The fracture surfaces of all the specimens tested were examined micro-

scopically, Typilcul schematic fracture topographies are shown in Figures 21,

22, 23, and 24 for no oxidation and for 1 hr., 2 hrs., and 3 hrs. oxidation
at 600°C respectively. Tigure 21A is a scanning electron micrograph of a
typical porticn of the fracturc shown schematically in Figure 21. TFigurc
24A shows a corresponding view for Figure 24. The fracture topography
differs for that of the Phase I specimens in three ways. Firstly,

figures show that in Phase II specimens the overall fracture surface is
irregular in appearance except for a few hard layers where brittle

(7)

fracture occured. In contrast, the Phase I specimens produced smooth
fractures which distinctly brittle fracture occured in the hard layers

and shear fracture in the soft layers. Sccondly, debonding along finterfaces
and some degree of necking of individual layers is present in the Phase II
specimens. This is direct evidence of having more plastic strain in these
specimens comparced with the Phase I specimens in which no necking and no
debonding was obscrved(7). Thirdly, the origins of cracks in these speci-
mens were uSually located in the interior while the cracks in Thase I
specimens usually originated at the exterior surface of a hard layer.

These four figures show that as oxidation time is increased, the amount of
necking as well as the amount of partial debonding increases. This results

in the increased strain and reduction in area as observed in the tensile

test results.

Figures 25, 26, 27, 28, and 29 show schematically the fracture
appearances of specimens D 304, D 332, D 312 (which is repcated from
Figure 23 for comparison), D 353 and D3P4. These specimens were all
oxidized for 2 hours and show soft layer contents which range from zero to

one. Figures 25A, 26A, 27A, 28A, and 29A are scanning electron micrographs

e i g T e g T Ty
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Figure 21. A Schematic Fractograph for Specimen D 112. The crack sriginated
from H and H, area. The shear fracture modes dominated

except in ﬂ , and H, where brittle fracture occured. No debond—
ing or necklng was otserved
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Figure 21A. A Micrograph Showing the Fracture Surface of Specimen D 112, :
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Figure 22. A Schematic Fractograph for Specimen D 221.

modes dominated except in H
was observed.

Again shear fracture
3 and HA,Some small amount of debonding
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Figure 24, A Schematic Fractograph for Specimen D 411, There are more typical
cone and cup tensile fracture characteristics at edges, more debond-
ing. Shear fracture modes were observed except H, and H,. The
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Figure 24A. A Micrograph Showing the Fr
Magnification 100x.

acture Surface of Specimen D 411,
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Figure 25. A Schematic Fractograph for Specimen D 304 {fs =

). Crack
originated from the interface between H and H.., Brittle

fracture occured in the upper half of the specimen and shear
dinple type in the lower half, The interfaces were indistin-~

guishable,
G b A N T s e AR T AR N mmmﬂw;awﬁnmwmw AL P i'?’i&unﬁa«.‘}‘gﬁﬁ‘%
ik P , el e it el e Lt

T T I e




Figure 25A, A Micrograph Showing the Fracture Surface of Specimen D 304,
Magnification 100x. .
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Figure 26. A Schematic Fractograph for Specimen D 332 (fs = .25). Brittle
fracture occured in hard lavers and shear f[racture occured in soft
layers. Crack originated from H. propagating to the left of the

specimen. Multiple crack nucleation sites were observed in hard
layers.
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Figure 26A. A Micrograph Showing the Fracture Surface of Specimen D 332.
Magnification 100x.
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Figure 27. A Schematic Fractograph for Specimen D 312 (fs = .50). Repeated
from Figure 23.
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Figure 27A. A Micrograph Showing the Fracture Surface of Specimen D 312.
Magnification 100x.
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Figure 294, A Micrograph Showing the Fracture Su

rface of Specimen D3P4.
Magnification 100x.




Figure 30,

A Micrograph Showing the Origin of a Crack in
Magnification 100x.
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of the portions of the fractures chown in Pigures 25, 26, 27, 28, and 29,
The frecture in the Jaminated 0L steal (Figure 25) shows typicul brittle
fracture characteristics. For specimens with fs = .25 (Fignre 20), the

crack nueleation sites as it propagated across the whole specimen, This is

e

similar to the fracture behavior of Thase 1 specimens. hs  fs  ia dncrcased,

Siaee

Figures 27 and 29, the degree of debonding and necking increases and so
does the wmount of shear fracture. Figure 28 shows reduced debonding and
necking and the corresponding tensile tests show decreased ductility but
not decrcased area reduction. The reason for this exceptional behavior is
not clear.

In contrast to the scanning clectron micrographs of fractures of
laminated complexes, the fracture of the solid Ol and solid Purdue S2 alloy
are both smooth and perpendicular to the tensile axis. These are shown in
Figures 30 and 31.

IV. Conclusions.

A Purdue soft layer alloy S2 has been designed based on several design
criteria to match the hard layer alloy, AISI type 01 tool steel. The $2 alloy
was successfully fabricated with a vacuum melting facility at crystal growing
laboratory of Purdue University. The ingots were hot-rolled to suitable size
for manufacturing of alloy complex (MMS) with Ol steel.

One of the most important conclusions in Phase T study was that the inter-
faces were too well bonded. As a result, the soft layers could not deform inde-

pendently and little ductility was observed. The idea of the nccessity of having

partial debonding in interfaces was generated. In Phase II, a technique of

creating partial debonding in interfaces by oxidation of the surfaces of layers
prior to hot-roll welding has been developed and evaluated. A method of inter-

facial boanding energy measurement was developed to characterize the interface




Figure 30, A Micrograph Showing the

Origin of a Crack in a Solid 01 Specimen,
Magnification 100x.




Figure 31. A Micrograph Showing the Origin of a Crack in a Solid Purdue S§2

Specimen. Magnification 100x.
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bonding and preliminary measurements were made which show that the cnergy
decreases as the oxidation time increases. -

The partial debonding vesulted from the recained oxide particles in inter-
faces contribute ductility to alloy complex as had been theorized., The evidenco
ig shown In the study of the effcct of oxidation time on the tensile properties
of alloy complex at 50% soft laver fraction. In that study, the tensile stress
and 1% yield stress decrease slowly with dncreasing oxidation time, while the
plastic strain increases rapidly as oxidation increases which is in agreecment
with interfacial bonding energy measurement,

In the case of the effcct of soft layer fraction on the tensile properties
of alloy complex at constant oxidation time, i.e., identical debonding condition,
the results show: (1) the tensile stress (GT) and 1% yield stress (OY) drop
sharply as fs dincreases. (2) O and Oy of the alloy complex obey the law
of mixture well, (3) the plastic strain and the percent reduction in area
increase slowly with increasing fg and rapidly beyond £s = .75 which seems
to deviate from the law of mixtures, i

The examination of fracture surfaces revealed that the shear fracture modcs
dominate except in few hard layers where brittle fracture occurred for specimen.
of 50% soft layer. The fracture topography was much more irregular comparcd

with that of Phase I specimens., There were more partial debonding and more

necking which implied more plastic strain as oxidation time was increased. This
agreed with the tensile test results quite well.

Another interesting observation was that the failure in Phase II épecimcns
originated mostly from interior rather than from the edge of one hard layer as
occurred in Phase I specimens. This suggests that the replacements of hard
layers by soft ones on the outermost layers eliminates the possibility of

specimen failure from surface flaws.
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V. Summary.

The object of the work is to develop an alloy complex which combines
high strength and significant fracture toughness. The basic concept is Lo
alternate lavers ol high-strength martensite with tough and softer austenite
; 7 . 0., 2
in a complex which can be hardened to strength of 400 Fal (2.8 GN/n ) and
softened for fabrication by conventional lieat trcatwent.

This developument can best be viewed apgainst the presently available
mechanical propertics of alloy steels, These properties are summarized

(L) e 8 : . "
by Lange ag presented in Figure 1. BDig¢ estimate of the high strength
technological limit of f{racturec toughncss is subhstantislly less than 100
, J . 2 - . 5 7 2
Ksivin. (.11 CN/w"vm) at stress levels in excess of 300 Ksi (2.1 GR/m™),
W5 y 2
The proposed alloy should obtain a strength of 400 Kel (2.8 CN/w”)  and has
o PIPET— o L2 = g

a target fracture toughness of 150 Ksivin, (.16 GN/m“Vm). This represents a
technologically attractive design objective and work is proceeding toward it,

Since the beginning of work on June 1, 1973, a theoretical strategy has
been developed hased on a preliminary (Phase I) experimental program, and
following that strategy a model alloy complex was designed and tested (Phase
YI). 1In the Phase I experimental program a technique of fabricating the alloy
complex has been developed and some preliminary complexes have been produced
and tested. On the basis of the properties observed, a rational wethod of
optmizing the strength and toughness of the alloy complex has been formulated,
The theory underlying this method was tested and broadly supported by the
alloy complex designed, fabricated, and tested in the Phase IT experimental
program now nearly complete. Phase T experiments and the theoretical strategy

. . ; . . (7 .
were reported in the First Semi-annual Technical Report and the present
report concentrates on the results of the Phase II experimental program.

During the coming year, a new alloy complex will be designed, preduced in

some quantity (about 50 pounds) and tested as Phase ITI of the project.
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The new complex will have a significantly stronger hard--layer coaponcent, and

a new soflt-layer alloy specially designed “to be comnatible with the hard layer.

The interlayer bonding and the relative layer thickness which were important
variables in the Phase 1T study. will be carefully controlled at new optimun
levels based on Phase TI experiwments and theoretical castimates. We hope that
Phase ITI will result in ecldevelng the targel fracture toughmess and
strength.

The preliminary esperimental program (Phase I) way be broken down into
several interdependent parts which are reported in detail in the Semi-annual
Technical Report(7). The fabrication fechnique consists of hot-roll welding
a stack of alternating layers of soft and hard alloy encapsulated in a stain-
less steel container. The trial system was comprised of readily available
tool steels selected so that at room tewperature the soft layer contained up
to 100 percent austenite whereas the hard layer was nearly all marvtensite.
The soft layer occupied about one-third of the complex. Several tentative
conclusions have been drawn from the mechanical property measurements., The
most important of thesc was the obscrvation that fractu.e crossed the soft
layers by renucleation of a crack in the next hard layer and the soft layer
itself failed in shear without exhibiting much deformation because deformation
of the soft layer is limited by its strong bonding to the neighboring layers.
This was apparently the primary cause of the absence of measurable ductitity
in thc Phase I complexes.

The method of optimizing the fracture and strength properties of the
complex was developed based on the observations summarized above. Two basic
problems are distinguished: first, the necessity of allowing the soft layer
to deform independently, and second, the nccessity of making the soft layer
thick encugh relative to the hard laver so that cracks through one hard layer

cannot produce cracking in the next hard layer without first fracturing the
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adjacent softer layer. fTentative calculations(7) indicate that by selecting
equal thicknesses of soft and hard alloys . and by using a fairly strong
(150 Kei =1 CN/mz) soft layer, the design aims can be closcly approximated.,

In the Phase II tensile properties study, the model alloy complex con-
tained a common commercial tool steel (hard layer) snd a special alloy (soft-
layer). The hard laver {01l tool stecl quenched and tempered to 200°C) had a
nedium-high hardness of 780 KIN and exhibited no ductility. The specially
designed soft laycr (Scetion 2,.3.1) Purdue $2 had a hardness of 400 KUN and
exhibited about 5% tensile elongation (Figure G). A preoxidation step was
included in fabricating the complex so that interlayer welding would bhe im-
perfect. A study of the effect of oxidation time on the tensile properties
of the complr> showed that an oxzidution time of 2 liours in air at 600°C
sufficies to increase ductility at little sacrifice of strength, 1his
treatwent was incorporated in the fabrication process for complexes with
soft layer fracture varying from 0 to 1. Yor this serics of alloy complexes
the tensile propcrties behaved as predicted from the theory referred to above,
i.e., the strength varied according to the law of mixtures and appreciable
ductility was absent until the fraction soft layer exceeded 0.5. This is
expected because the crack jumping mechanism(7) is not favored above this
fraction soft layer. The best properties produced at fs = 0.5 were not
impressive but are encouraging, 270 Ksi (1.9 GN/mz) and 3% plastic strain.
The fracture behavior was also interesting. Extensive debonding an. necking
of individual soft layersoccurred during fracture raising hopes for signi-
ficant fracture toughness. In general the Phase II experimental program bore
out the theoretical strategy previously described(7) and provides a more

1id foundation for designing a higher strength alloy complex.
Future work includes measurement of interlayer bonding to complete

Phase II and then the development, testing, and evaluation of the Phase ITI

oy,
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alloy complex., Work on these aveas Is progressing satisfactorily. The bond-
test method 1is already developed (Sectioné 2.5 and 3.1). The hard layer for
the Phasa ITT alloy complex has been tenkatively selected as a commercial
high-speed steel with a very fine grain size and high hardness, A compatible

soft layer is to Le designed and a vender has been tentatively located to

in

produce it in suflficlent guantities for a significant wechanical properties
measurement program inecluding fracturve toughness., This alloy will be designed

to approach the target strength and toughness.
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